Atherosclerosis and vasculitis both feature inflammation mediated by neutrophil-endothelial cell (EC) contact. Neutrophil myeloperoxidase (MPO) can disrupt normal EC function, although the mechanism(s) by which MPO is transferred to
ECs are unknown. We tested the hypothesis that close, ␤2 integrindependent neutrophil-EC contact mediates MPO transfer from neutrophils to ECs. We used sensitive MPO assays and flow cytometry to detect MPO in ECs and demonstrate that ECs acquired MPO when contacted by neutrophils directly but not when ECs and neutrophils were separated in Transwells. The transfer was dependent on neutrophil number, exposure time, and incubation temperature. Transfer occurred in several EC types, increased with endotoxin, was not accompanied by MPO release into the medium, and was not abrogated by inhibiting degranulation to secretagogues. Confocal microscopy showed MPO internalization by ECs with cytoplasmic and nuclear staining. Neutrophils and ECs formed intimate contact sites demonstrated by electron microscopy. Blocking CD11b or CD18 ␤2 integrin chains, or using neutrophils from CD11b gene-deleted mice, reduced MPO transfer. EC-acquired MPO was enzymatically active, as demonstrated by its ability to oxidize the fluorescent probe aminophenyl fluorescein in the presence of a hydrogen peroxide source. The data suggest an alternative to EC uptake of soluble MPO, namely the cell contact-dependent, ␤2 integrin-mediated transfer from neutrophils. The findings could be of therapeutic relevance in atherosclerosis and vasculitis.
The heme protein myeloperoxidase (MPO)
2 is one of the most abundant proteins in neutrophils, accounting for ϳ1-2% of the cell protein by dry weight (1) . Enzymatically active MPO has the unique capacity to oxidize chloride ion and utilizes hydrogen peroxide formed during the respiratory burst to generate hypochlorous acid (HOCl), a potent microbicide that contributes to host defense against bacterial and fungal infection (2, 3) . An increasing body of clinical and experimental findings implicates MPO in the initiation and promotion of cardiovascular disease. Clinical studies suggest that an elevated plasma level of MPO serves as an independent marker of vascular inflammation and is linked to increased cardiovascular morbidity and mortality (4 -8) . The basis for MPO as a biomarker for cardiovascular disease may reflect its capacity to adversely influence important vascular functions, including regulation of nitric oxide (NO)-mediated vascular relaxation (9) , production of oxidants and bradykinin (10) , promotion of atherosclerosis (11) , recruitment of neutrophils (12) , and acceleration of cardiac fibrosis (13) . Furthermore, MPO may promote endothelial cell damage in the setting of systemic necrotizing vasculitis because it can serve as a major target-antigen for anti-neutrophil cytoplasmic autoantibodies (14) .
Precisely how ECs acquire active MPO from neutrophils is not yet fully understood. It is widely assumed that ECs capture soluble MPO released into the bloodstream by activated neutrophils. However, two features of MPO and its release suggest that the prevailing assumption may not be the complete explanation. MPO in plasma is bound in an inactive state to ceruloplasmin, a copper-containing protein in the ␣ 2 -globulin fraction of human serum (15, 16) , leaving only a fraction of circulating MPO free. In addition, compared with other populations of neutrophil granules, MPO-containing azurophilic granules are the least prone to extracellular release in vitro and in vivo (17, 18) . Taken together, these observations suggest that there would be very little free active MPO for ECs to acquire directly from the circulation. Given that alternative mechanisms for MPO transfer merit consideration, we tested the hypothesis that neutrophils transport MPO directly to ECs during close cell-cell contact. Our data demonstrate that intimate neutrophil-EC contact can efficiently transfer enzymatically active MPO to ECs, as might occur under mild inflammatory conditions. Addition of blocking antibody against ␤2 integrins and ␤2 integrin deficiency abrogated MPO transfer, indicating that the required cell-cell contact was integrin-dependent and providing a potential therapeutic strategy to decrease MPO acquisition by ECs.
EXPERIMENTAL PROCEDURES
Preparation of Human and Mouse Neutrophil-Neutrophils from human donors and from mice, and human umbilical vein endothelial cells (HUVECs) were obtained after due approval by Charité and governmental authorities and, in the case of humans, after written, informed consent. Standards correspond to those of the American Physiological Society and adhere to the Helsinki Accord. We isolated neutrophils and assessed cell viability as outlined previously (19) . Cell viability was assessed by trypan blue exclusion and found to be Ͼ99%. The percentage of neutrophils after isolation was Ͼ95% by Wright-Giemsa staining and by light microscopy.
Degranulation Assay-Human neutrophils (2 ϫ 10 6 ) in 300 l of Hanks' buffered saline solution were incubated for 30 min with buffer control, 5 M ionophore A23187, 100 ng/ml LPS, 20 ng/ml GM-CSF, 100 nM IL-8, 10
Ϫ6 M formylmethionylleucylphenylalanine (fMLF), 5 g/ml cytochalasin B (cytoB), a combination of cytoB and fMLF, and 2 ng/ml TNF␣, respectively. Cell-free supernatants were collected by centrifugation, and MPO activity was assayed by ABTA (Sigma-Aldrich) or isoluminol-amplified chemiluminescence (20) as described previously.
Endothelial Cell Culture and Co-incubation with Neutrophils-The EC line ECV304 and the HUVEC lines EAhy926 and SGHec-7 as well as primary HUVECs after two to four passages were used. Confluent ECs were washed with PBS and incubated either with 300 l of cell-free neutrophil supernatant or with 1 ϫ 10 6 human or 2.5 ϫ 10 6 mouse neutrophils in 300 l of Hanks' buffered saline solution/10% FCS for 60 min if not otherwise specified. After the indicated co-incubation time, ECs were washed with ice-cold PBS/0.5 mM EDTA, harvested by trypsinization, washed twice, and subjected to the assays. In some parallel experiments trypsin was omitted, and cells were harvested by scraping to assess possible trypsin effects on detection of transferred MPO.
Flow Cytometry for Assessment of MPO and Additional Granule Protein Acquisition by ECs-For the extracellular flow cytometry staining, ECs were incubated with 5 g/ml primary monoclonal antibody to MPO (clone 2C7; Abcam) on ice followed by staining with a phycoerythrin-labeled secondary F(abЈ) 2 antibody (Dako) or with a direct phycoerythrin-labeled anti-MPO Ab (clone MPO-7, Dako). Additional primary monoclonal antibodies to proteinase 3 (HISS Diagnostics, Freiburg, Germany), human neutrophil elastase (Thermo Scientific) and bactericidal/permeability-increasing protein (Abcam) were used. For intracellular staining ECs were fixed (0.5% paraformaldehyde, 20 min, ice) and permeabilized (0.2% saponin/1% BSA in PBS). Samples were assayed using a FACSCalibur (BD Biosciences). Using light scatter, the acquisition gate was set on EC, and 10,000 events/sample were collected. For analysis, ECs were tightly gated, and MPO staining was assessed as mean fluorescence intensity (MFI) and the percentage of positively stained cells. Isotype control staining was set at ϳ10 MFI, and these values were subtracted.
Cell Lysis, SDS-PAGE, and Immunoblot Analysis-Cell lysis, SDS-PAGE, and immunoblotting were performed as described previously (21) . The blots were developed with the polyclonal anti-MPO antibody (Calbiochem) or an anti-actin antibody (Santa Cruz Biotechnology) and visualized by an enhanced chemiluminescence detection system (Thermo Scientific).
Confocal Microscopy-Confluent ECV cells were grown on glass coverslips and co-incubated with human neutrophils for the indicated time points. ECV cells were washed and fixed in 4% paraformaldehyde (15 min, room temperature), washed, and stained for cell membrane with wheat germ agglutininAlexa Fluor 555 conjugate (Invitrogen; 10 g/ml, 20 min, room temperature). Cells were blocked and permeabilized in 10% goat serum in Hanks' buffered saline solution containing 0.1% Triton X-100) for 1 h at room temperature, incubated with 5 g/ml polyclonal rabbit anti-MPO (Calbiochem) followed by 4 g/ml goat-anti-rabbit IgG-Alexa Fluor 488 secondary antibody (Molecular Probes). Nuclei were stained with DAPI (Invitrogen; 20 g/ml, 15 min, room temperature). Cells were mounted in ProLong Gold antifade reagent (Invitrogen). Triple fluorescence images were acquired at a laser scanning confocal microscope Zeiss LSM700 using a 63ϫ NA1.4 PL APO oil immersion objective. Each cell was imaged by 20 -30 confocal Z-sections with a section thickness of 0.24 m. The pixel size was set to 63 nm. The pinhole was set to 40 m. To improve axial resolution of three-dimensional data sets deconvolution of the Z-stacks was performed using Huygens Professional 7.2 software (SVI). Imaris software (Bitplane) was used for the orthogonal slices to visualize the cytoplasmic localization of internalized MPO and for the maximal intensity projection.
Electron Microscopy-Endothelial cells were co-cultured with human neutrophils for 20 min, washed, and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h. Samples were treated with 1% osmium tetroxide in 0.1 M phosphate buffer for 2 h, dehydrated in ethanol, and embedded in Poly/Bed 812 (Polysciences). Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a Zeiss EM 910. Digital images were taken with a 1kx1k high speed, slow scan CCD camera (Proscan) and the iTEM software (Olympus Soft Imaging Solutions, Münster).
Inhibition of MPO Transfer-For blocking neutrophil surface proteins, 5 ϫ 10 5 neutrophils were incubated with 20 g/ml mAbs to CD18 (clone 7E4; Immunotech, Marseille, France), CD11b (clone 2LPM19c; Santa Cruz Biotechnology), ␤1 integrin (clone P4C10; Millipore), ␤3 integrin (clone SZ21; Beckman Coulter), and isotype control, respectively. After 30 min, pretreated cells were added to confluent ECs in 24-well plates for 15 min. For blocking EC molecules, ECs were preincubated with 20 g/ml anti-ICAM-1 mAb (CD54; eBioscience, Hatfield, UK) or 15 g/ml panCK (Abcam), 5 g/ml cytochalasin B, or 4 g/ml Pronase (Merck) for 30 min. 5 ϫ 10 5 neutrophils were added for 15 min. After allowing for MPO transfer, ECs were washed with ice-cold PBS/0.5 mM EDTA, harvested by trypsinization, washed twice, and subjected to flow cytometry. For agitation experiments, plates with neutrophil-EC co-cultures were subjected to shaking with 110 rpm at 37°C.
Assessment of MPO Activity Using Aminophenyl Fluorescein, Flow Cytometry, and Fluorescence Microscopy-The flow cytometry assay was performed as described recently (22) . ECs or neutrophils were loaded for 30 min with 200 l of aminophenyl fluorescein (APF) (final concentration 5 M). Diphenyleneiodonium chloride (10 M final) or 4-aminobenzoic acid hydrazide (4-ABAH, 100 M final) from Sigma or buffer control was added, respectively, 5 min before APF loading. 1 ϫ 10 6 neutrophils were activated with TNF␣/fMLF (2 ng/ml and 1 ϫ 10 6 M final concentration, respectively) in polypropylene tubes for 60 min. ECs were cultured in 24-well plates. 100 l of exogenous MPO (12.3 nM final) or 100 l of neutrophils (1 ϫ 10 6 ) were added to APF-loaded ECs followed by 30 l of glucose (5 mM final) and glucose oxidase (2 g/ml final), respectively. We documented that glucose with glucose oxidase generated H 2 O 2 as expected (data not shown). After keeping samples for 30 min at 37°C in the incubator, cells were washed, harvested, and assayed by flow cytometry. For microscopy, neutrophil-EC incubation was performed on coverslips, and cells were examined using a Zeiss LSM700 and a 63ϫ NA1.4 PL APO oil immersion objective.
Statistical Analysis-Results are given as mean Ϯ S.E. Comparisons between multiple groups were done using ANOVA and appropriate post hoc tests. Comparisons between two groups were done by a two-sided paired t test. Differences were considered significant if p Ͻ 0.05.
RESULTS

MPO Degranulation Requires Robust Neutrophil Activation and Is Not Detected with More Physiologic
Stimuli-We first determined the relative extent of MPO release from neutrophils in response to different agonists, pharmacologic as well as physiologic. Cells were incubated with varied stimuli, and MPO activity in the supernatant was measured. A 30 min treatment with ionophore A23187 or with a combination of cytoB and fMLF potently triggered MPO degranulation. In contrast, exposure to more physiologic agonists such as LPS, TNF␣, GM-CSF, IL-8, and fMLF in the absence of cytoB induced significantly less MPO release (Fig. 1) . A second independent assay of MPO release using isoluminol-amplified chemiluminescence gave similar results (data not shown).
MPO Transfer to the ECs Does Not Occur with Supernatants from LPS-, GM-CSF-, and IL-8-stimulated Neutrophils-We
next used cell-free supernatants from untreated and stimulated neutrophils to study MPO transfer to the ECs by flow cytometry (Fig. 2) . We assessed both MPO fluorescence intensity and the percentage of ECs that became MPO-positive. After a 60-min incubation, supernatants from ionophore A23187-and cytoB/ fMLF-treated neutrophils effectively transferred MPO to the ECs. In contrast, supernatants from unstimulated, cytoB-, fMLF-(in the absence of cytoB), LPS-, GM-CSF-, and IL-8-treated cells did not transfer MPO to the ECs. TNF␣ had a moderate, but statistically significant, effect that varied among the experiments.
MPO Transfer to the ECs Occurs with Direct Neutrophil-EC Contact-
We next explored alternative mechanisms for transfer of MPO to ECs. We compared EC acquisition of MPO in neutrophil-EC co-cultures under two different conditions: when neutrophils and ECs were in direct contact and when neutrophils were incubated in the upper chamber of a Transwell device and separated by a filter from the ECs. As a positive control experiment performed in parallel, ECs were incubated with supernatants from cytoB/fMLF-treated neutrophils of the same donor. By flow cytometry assessing live cells we observed strong MPO acquisition by ECs that had direct cell contact with neutrophils, but not when ECs and neutrophils were separated in Transwells (Fig. 3A) .
To characterize in greater detail the importance of direct cell-to-cell contact for MPO transfer to ECs, we measured MPO acquisition by ECs co-incubated for 60 min with unstimulated neutrophils (Fig. 3B) . Under these conditions, ECs acquired MPO efficiently even in the absence of detectable degranulation and when the amount of MPO in supernatants was similar to what we had observed for unstimulated cells in suspension (136 Ϯ 38 fmol of MPO). Standard EC harvesting with trypsin or omitting the enzyme and harvesting by scraping resulted in slightly higher MPO transfer to the EC surface when trypsin was absent (21.2 Ϯ 4.0 MFI with trypsin and 28.2 Ϯ 4.1 MFI with scraping, n ϭ 5, p ϭ 0.035). Because our data suggested that the use of an anti-MPO mAb together with flow cytometry provided higher sensitivity for MPO detection (Fig.  2) , we also assessed MPO transfer with cell-free supernatant from the neutrophil-EC co-culture (Fig. 3B) . Even with this more sensitive assay, no significant MPO transfer was detected when ECs were incubated with cell-free supernatant from the neutrophil-EC co-culture, whereas experiments done in paral-FIGURE 1. MPO degranulation by human neutrophils stimulated with several different agonists. Neutrophils were incubated with buffer (basal) or cytoB before 5 M ionophore A23187 (iono), cytoB/fMLF 10 Ϫ6 M (cB/fMLF), 100 ng/ml LPS, 2 ng/ml TNF␣ (TNF), 100 nM IL-8 (IL-8), 20 ng/ml GM-CSF (GMCSF), and 10 Ϫ6 M fMLF (fMLF) were added for further 30 min, respectively. The amount of MPO in the cell-free supernatant was quantitated using an ABTA assay. The assay indicates a significant MPO release in response to nonphysiologic stimuli, but not to physiologic mediators (n ϭ 5). **, p Ͻ 0.01. Error bars, S.E.
lel with neutrophils and ECs in direct cell contact confirmed MPO transfer. To examine further the possibility that neutrophils transferred MPO directly to ECs, we co-incubated ECs with neutrophils pretreated with the degranulation inhibitor adenosine (23) . We confirmed that adenosine inhibited degranulation as it reduced MPO release from cytoB/fMLF-stimulated neutrophils to 42 Ϯ 11% (n ϭ 4, p Ͻ 0.05). Under these conditions, we observed no reduction in MPO acquisition by ECs. MPO MFI was 59 Ϯ 18 without adenosine and 57 Ϯ 16 with adenosine, whereas the percentage of ECs that acquired MPO was 72 Ϯ 8 and 69 Ϯ 9 (n ϭ 4, n.s.). Taken together, these results strongly suggest that MPO transfer from neutrophils to ECs occurred in a cell contact-dependent fashion that is distinct from EC uptake of soluble MPO released during degranulation.
To visualize the intracellular location of MPO acquired by the ECs after cell-cell contact, we co-incubated neutrophils and ECV304 for 15 and 60 min, fixed the cells, and then permeabilized for intracellular MPO staining (Fig. 3C) . Intracellular immunostaining was specific for MPO, predominantly cytoplasmic with some nuclear staining, and dependent on the presence of neutrophils. Using electron microscopy to visualize close neutrophil-EC contacts, we found multiple intimate contact sites where membranes from both cell types had formed synapse-like structures (Fig. 3D) .
To determine whether MPO transfer by cell-cell contact is a peculiar trait of ECV304, we tested the capacity of other EC types to acquire MPO from neutrophils. We first probed lysates of ECV, EAHy, SGHec-7, HUVECs, and human neutrophils in immunoblots for the presence of endogenous MPO and confirmed that none of the different EC types expressed endogenous MPO, whereas neutrophils showed a strong signal (Fig.  4A) . Flow cytometry demonstrated that all of the studied EC types acquired significant amounts of MPO when co-incubated with human neutrophils for 60 min (Fig. 4B) . Thus, the ability of ECs to acquire MPO by cell-to-cell contact with neutrophils was not a unique feature of ECV304 but a general property of endothelial cells. (Fig. 5A) . Furthermore, EC acquisition of MPO was dependent on the duration that neutrophils and ECs were co-cultured. MPO transfer to the EC surface and intracellular MPO accumulation occurred rapidly and reached statistical significance already after 5 min. Surface MPO peaked at ϳ30 min and slowly decreased thereafter. In contrast, intracellular MPO progressively accumulated over the entire study time (Fig. 5B) . Thus, the extent of MPO transfer depended on the amount of MPO available, reflected in the number of neutrophils in the system, and the duration of cell-cell contact. When we co-cultured neutrophils and ECs at 37°C and 10°C in parallel, we found that MPO transfer to the EC surface was abro-FIGURE 2. MPO acquisition by ECs from cell-free neutrophil supernatants. Neutrophils were treated with the indicated stimuli as in Fig. 1 for 30 min. Cell-free supernatants were transferred to EC cultures. After 60 min ECs were assessed for MPO acquisition using flow cytometry (n ϭ 5). *, p Ͻ 0.05; **, p Ͻ 0.01. Error bars, S.E. gated at the lower temperature without apparent cell damage as judged by light microscopy (Fig. 5C) .
MPO Acquisition by ECs Co-cultured with Neutrophils Depends on Cell Concentration, Time, and Temperature and Increases with LPS-ECs
We reasoned that not only the number but also the functional state of neutrophils would influence how readily transfer occurred. Furthermore, we considered that endotoxemia would represent a situation in which the pathophysiologic con-FIGURE 3. MPO transfer from the neutrophil to the ECs in co-culture, Transwells, and with supernatants from degranulated neutrophils, respectively. A, MPO acquisition by ECs was examined under three different conditions: neutrophils were co-cultured on ECs (cell-cell) or added to the upper chamber of a Transwell (TW) device preventing cell-cell contact, or ECs were incubated with degranulated neutrophil supernatant after cytoB/fMLF treatment, respectively. MPO transfer was assessed by flow cytometry without fixation or permeabilization by flow cytometry. Direct neutrophil-EC contact resulted in MPO transfer, whereas separation of cell types in Transwells did not (n ϭ 5). B, endothelial MPO staining was assessed by flow cytometry after EC incubation with buffer (bu), neutrophil-EC co-culture (cell-cell), and incubation in cell-free supernatant from neutrophil-EC co-cultures (SN), respectively. Direct neutrophil-EC contact resulted in significant MPO transfer. C, confocal images of MPO staining are shown. ECs were incubated either without or with neutrophils (PMN) for the indicated time points. Cells were fixed, permeabilized, and subsequently stained with the anti-MPO Ab (green). Cell membranes were visualized with wheat germ agglutinin (red) and nuclei counterstained with DAPI (blue). MPO staining of ECV was appreciated after 15 and 60 min. In high resolution Z-stacks of EC images co-incubated with neutrophils for 60 min, maximum intensity projections of MPO (green), membrane (red), and nucleus (blue) fluorescence are shown (upper right panel). The yellow line indicates the slice for orthogonal projection (x-z, middle right panel) from the three-dimensional reconstructed Z-stack. Higher magnification shows MPO localized in the cytoplasm and to some degree in the nucleus (magnification, bottom of the right panel). Error bars, S.E. D, neutrophil-EC cocultures were analyzed by electron microscopy. ECs were washed after neutrophil co-incubation and processed for conventional plastic embedding. One representative image is shown, indicating intimate cell contacts with formation of synapses-like structures. Peroxidase-positive granules are indicated (arrows). Original magnification, ϫ3,150 (left) and ϫ8,000 (right). sequences of EC-associated MPO would be clinically relevant. Although LPS had not caused MPO degranulation (Fig. 1) or supernatant-mediated transfer to the ECs (Fig. 2) , co-incubation of ECs with 5 ϫ 10 5 neutrophils in the presence of LPS for up to 120 min resulted in greater transfer of MPO both to the surface and to the intracellular compartment of ECs compared with that seen in the presence of buffer alone. The augmented acquisition was significant for surface MPO and for intracellular MPO accumulation after 15 min (Fig. 5D) .
We tested whether or not transfer to the EC surface or intracellular acquisition was observed for neutrophil granule proteins other than MPO. We found three different transfer patterns, namely granule proteins that were transferred and detected on the EC surface and intracellularly (MPO), granule (n ϭ 3) . B, ECs were incubated with 1 ϫ 10 6 neutrophils for up to 120 min. Samples were harvested at the indicated time points, and MPO was assessed either in unpermeabilized (extracellular, ec) or permeabilized (intracellular, ic) ECs by flow cytometry. MPO acquisition by ECs was time-dependent, surface MPO peaking at 30 min and intracellular MPO accumulating over the entire 120-min period (n ϭ 5). *, p Ͻ 0.05 for surface MPO acquisition compared with ECs at time 0 min; #, p Ͻ 0.05 for intracellular MPO accumulation compared with ECs at time 0 min. C, 1 ϫ 10 6 neutrophils (PMNϩ) or buffer control (PMNϪ) were cultured on ECs at either 37°C or 10°C for 60 min. The lower temperature condition abrogated MPO transfer (n ϭ 3). D, 1 ϫ 10 6 neutrophils were co-cultured with ECs for up to 120 min. Buffer control (ϩbu) or 100 ng/ml LPS (ϩLPS) was added for the indicated incubation time. Flow cytometry assessing unpermeabilized (extracellular) or permeabilized (intracellular) ECs shows that MPO acquisition was increased in the presence of LPS (n ϭ 5). *, significant differences in extracellular MPO; #, significant intracellular MPO differences between buffer control and LPS treatment, respectively. Error bars, S.E.
proteins that were transferred and detected intracellularly, but barely on the surface (proteinase 3, human neutrophil elastase), and granule proteins that were not transferred at all (bactericidal/permeability-increasing) (supplemental Fig. 1) . In the latter experiments, positive staining was obtained in permeabilized neutrophils providing a positive control (data not shown).
MPO Acquisition by ECs Co-cultured with Neutrophils Depends on ␤2 Integrins-We confirmed that an anti-cytokeratin 1 antibody decreased EC acquisition of soluble MPO added to ECs, as reported previously (10) . Anti-cytokeratin 1 antibody pretreatment of ECs reduced the MPO MFI under these conditions from 12.3 Ϯ 2.7 to 3.4 Ϯ 1.6 and the percentage of MPOpositive cells from 58 Ϯ 11 to 17 Ϯ 9 (n ϭ 5, p Ͻ 0.01). However, the same antibody blocking cytokeratin 1 had no effect on cell contact-mediated MPO transfer, demonstrating again that different mechanisms were responsible for cell contact-dependent transfer versus uptake of soluble MPO by ECs.
We observed that MPO transfer was significantly decreased when cell-cell contact was reduced by agitating the plate during co-incubation. When we treated the ECs with Pronase to proteolytically remove surface receptors, we observed a strong reduction of MPO transfer. Transfer was also reduced when neutrophils were preincubated with blocking CD18 and CD11b antibodies or with cytoB (Fig. 6A) . In contrast, blocking antibodies to ␤1 and ␤3 integrins had no effect on transfer. In addition, a blocking CD54 antibody was without effect, suggesting that endothelial ICAM-1 was not involved but that contact-dependent transfer of MPO to ECs was supported by ␤2 integrins on neutrophils.
To examine in greater detail the role of ␤2 integrins in MPO transfer, we used neutrophils from CD11b knock-out mice (Fig.  6B) . Significantly less MPO was transferred from CD11b Ϫ/Ϫ neutrophils compared with that from WT neutrophils. Thus, transfer of MPO from neutrophils to ECs required cell-cell contact mediated, in part, by ␤2 integrins on the neutrophil surface. Intracellular staining in saponin-permeabilized neutrophils by flow cytometry demonstrated WT and CD11b Ϫ/Ϫ cells had similar cellular MPO content.
MPO Acquired by ECs Is Enzymatically Active as Shown
Using APF-Finally, we studied whether or not MPO transferred from the neutrophil to the ECs was enzymatically active. Active MPO is unique in generating HOCl in the presence of H 2 O 2 . APF detects HOCl in living cells, as HOCl oxidizes the nonfluorescent substrate into fluorescent APF (22) . First, we verified the APF detection system using human neutrophils (n ϭ 5). Neutrophil activation by TNF/fMLF increased APF fluorescence from 9.5 Ϯ 0.5 to 140.3 Ϯ 25.2 MFI. This effect required endogenous oxidant generation, as indicated by APF MFI reduction to 18.7 Ϯ 2.9 with the NADPH oxidase inhibitor diphenyleneiodonium chloride (n ϭ 4, p Ͻ 0.01). APF fluorescence also depended on the presence of enzymatically active Having established that intracellular fluorescence of APF reflected the presence of enzymatically active MPO, we next applied the analytical approach to ECs exposed to exogenous MPO or to human neutrophils. When we added active exogenous MPO and glucose/glucose oxidase as a H 2 O 2 source, endothelial APF fluorescence increased significantly (Fig. 7A) . APF fluorescence of ECs required H 2 O 2 and active peroxidase, as omitting the H 2 O 2 source or blocking MPO activity abrogated APF fluorescence. Similar data were obtained using neutrophil-EC co-cultures where neutrophils provided the MPO that was subsequently acquired by ECs (Fig. 7B) . As with the cell-free sources of oxidant and MPO, fluorescence of APF in ECs required oxidants and enzymatically active MPO. These findings are illustrated by fluorescence microscopy (Fig. 7C) . These data establish that MPO that was transferred from neutrophils to ECs during cell-cell contact remained indeed enzymatically active.
DISCUSSION
MPO is the most abundant neutrophil protein, and its long known microbicidal activity supports optimal host defense against a variety of bacterial and fungal challenges (2, 3) . In contrast to its protective effect, MPO has more recently been shown to play also a detrimental role during inflammation, mainly by undermining normal cardiovascular functions when MPO is deposited in the vessel wall. Eiserich et al. described that intravenous challenge of rodents with LPS promotes deposition of MPO in the endothelium, causing local oxidant generation that leads to rapid NO consumption and profoundly reduced vascular relaxation (9) . Additional MPO-triggered cardiovascular effects were described thereafter, including urate radical (24) and bradykinin generation (10), oxidation of low density lipoproteins (25) , high density lipoproteins (26) , and ␣1-proteinase inhibitor (27) , accelerated atherosclerosis (11), and promotion of cardiac fibrosis and atrial fibrillation (13) . Moreover, MPO also attracts (12) and activates (28) neutrophils, thereby further accelerating inflammation. Collectively, these data demonstrate the potential pathophysiologic consequences when ECs acquire active MPO.
Previous studies of EC-associated MPO presumed that ECs captured soluble MPO that had been released into the circulation by stimulated neutrophils. Accordingly, in vitro experiments recapitulated EC acquisition of MPO by adding purified MPO to cultured ECs. Although we confirmed these findings, we hypothesized that intimate cell contact between neutrophils and ECs could also mediate MPO transfer. In parallel experiments, we observed MPO transfer when neutrophils and ECs were allowed to form close contacts, but not when cells were separated in a Transwell device. The cell contact-mediated transfer was dose-and time-dependent, accelerated by LPS treatment, but not reduced by inhibiting degranulation. When visualized by transmission electron microscopy, contact sites between neutrophils and ECs appeared as synapse-like structures, similar to those described previously between neutrophils and antibody-coated tumor cells, presumably involving Fc receptors (29) and CD11b/CD18 (30) . It is conceivable that fusion at these intimate sites promotes cytoplasmic communication and MPO transfer. Membrane fusion is temperature-dependent, and we observed a significant inhibition of MPO transfer when we performed the co-cultures at lower temperatures. Furthermore, MPO transfer was not associated with detectable amounts of MPO in the medium of neutrophil-EC co-cultures, thereby suggesting that the communication sites were tightly sealed, a feature reminiscent of protected zones formed between blood cells, including neutrophils, and extracellular matrices in an integrin-dependent fashion (31) (32) (33) . MPO transfer was not a property of selected ECs because it occurred similarly in three different endothelial cell lines as well as in primary HUVECs. Furthermore, the MPO transfer pattern was unique compared with proteinase 3, human neutrophil elastase, and bactericidal/permeability-increasing protein, all azurophilic granule proteins. Whereas MPO was transferred both to the EC surface and accumulated intracellularly, proteinase 3, human neutrophil elastase, and bactericidal/permeability-increasing protein either accumulated only intracellularly without significant surface staining or were not transferred at all (supplemental Fig. 1 ). Although the molecular basis for these disparate transfer patterns remains undetermined, the data demonstrate efficient transfer of MPO into the cytoplasm of ECs.
We have strong evidence that ␤2 integrins participate in the formation of intimate contacts between neutrophils and ECs and thereby facilitate MPO acquisition by ECs. Our experimental evidence indicates that CD11b/CD18 is an important neutrophil adhesion molecule mediating this process, based on data both with blocking antibodies and with CD11b-deficient murine neutrophils. Pronase treatment of ECs significantly reduced MPO transfer, suggesting that ligands on the EC surface cooperated with CD11b/CD18 on neutrophils to support transfer, although we have not yet identified the specific ligand for CD11b/CD18 on ECs that is responsible. However, cytokeratin 1, shown to mediate the acquisition of exogenously added MPO by ECs (10), did not contribute to CD11/18-dependent cell contact-mediated MPO transfer. We envision that CD11/18-mediated adhesion processes occur in vivo under inflammatory conditions, as simulated in vitro by the addition of LPS to our experimental system. The in vivo requirement for activation of neutrophils and ECs to promote cell-cell engagement is bypassed in vitro, where interactions are enforced merely by co-culturing neutrophils and ECs.
In summary, we demonstrate the presence of two distinct mechanisms by which ECs can acquire enzymatically active MPO. Consistent with prior reports, robust neutrophil activation resulted in azurophilic granule exocytosis and subsequent capture of released MPO from cell-free supernatant by ECs. In addition, we observed a previously unrecognized mechanism that could be operative under milder inflammatory conditions, when little or no degranulation occurs. Under those conditions, direct ␤2 integrin-dependent neutrophil-EC contacts that result in intimate contact sites supported the transfer of enzymatically active MPO from neutrophils to ECs without measurable extracellular release of MPO. Thus, the type and strength of the inflammatory response may dictate the relative contribution of each mechanism to EC acquisition of MPO. The former might participate under conditions where robust activation of neutrophils occurs, as we achieved experimentally with nonphysiologic treatments such as ionophore A23187 and fMLF in combination with a cytoskeleton-disrupting reagent. Degranulation of MPO-containing azurophilic granules under these conditions was sufficient to support EC uptake of MPO from the cell-free supernatants. In contrast, MPO degranulation and transfer were not detected with supernatants from cells stimulated with more physiologic stimuli, such as LPS, GM-CSF, IL-8, and fMLF in the absence of cytoB. Thus, we have identified an alternative MPO transfer mechanism that can occur even under mild inflammatory conditions and would contribute to vascular damage in clinical entities with low grade inflammation, such as atherosclerosis and vasculitides. Antiintegrin-directed therapies could, at least in part, exert their anti-inflammatory effects by reducing MPO transfer to the endothelium.
